Genetic studies suggest that Zn transporters such as ZnT8 play a role in insulin secretion by pancreatic b-cells; however, little is known about the dynamic roles of Zn trafficking pathways on b-cell physiology. To test the acute effects of the inflammatory cytokines interleukin 1b (IL1b) and tumor necrosis factor a (TNFa) on Zn homeostasis, the mRNA expression profile of Zn transporters of the ZnT and ZIP families was examined. Exposure of MIN6 cells or primary murine islets to IL1b or TNFa altered the mRNA expression profile of Zn transporters; most notable was decreased ZnT8 mRNA levels. siRNA-mediated gene knockdown was used to examine the effects of decreased ZnT8 expression in primary dispersed murine islet cells from C57/BL6 mice and MIN6 cells. ZnT8 knockdown in these murine islets led to reduced glucose stimulated insulin secretion without altering the total cellular insulin content or cell viability at normal or supraphysiological Zn concentrations. The labile Zn content determined by flow cytometry after loading with the Zn-specific sensor FluoZin-3 AM was decreased in MIN6 cells following ZnT8 knockdown or IL1b treatment. These results suggest that an acute decrease in ZnT8 levels impairs b-cell function and Zn homeostasis, and may contribute to inflammatory cytokine-induced alterations in b-cell function.
Introduction
A low level chronic inflammatory state with elevated circulating inflammatory cytokine levels is thought to be an important contributor to the development of type 2 diabetes mellitus (T2DM). Impaired function of insulin secreting b-cells after exposure to the inflammatory cytokines interleukin 1b (IL1b) or tumor necrosis factor a (TNFa) has been shown in human and rodent b-cells as well as in MIN6 cells, a b-cell line. Several mechanisms for this effect have been implicated (Xenos et al. 1992 , 1993 , Corbett & McDaniel 1995 , Rabinovitch & Suarez-Pinzon 1998 , Wu et al. 2001 , Donath et al. 2008 . Altered expression of several genes involved in b-cell function is thought to be one of the mechanisms underlying this effect of cytokines (Donath et al. 2008) .
Zn is the second most abundant transition metal in mammals (Wallwork et al. 1983 , Milne et al. 1985 , Ward & Mason 1987 and is utilized in a number of biological processes (Cousins et al. 2006) . Zn homeostasis is tightly regulated on the cellular and systemic level through various mechanisms (Outten & O'Halloran 2001 , Cousins et al. 2006 and is of particular importance to pancreatic b-cell physiology (Chausmer 1998 , Dodson & Steiner 1998 , Chimienti et al. 2005 , Lemaire et al. 2009 ). b-Cells have exceedingly high intracellular concentrations of Zn, particularly within secretory vesicles, where Zn facilitates the packaging of insulin into hexamers (Figlewicz et al. 1984 , Dodson & Steiner 1998 , Chimienti et al. 2006 , Lemaire et al. 2009 ). In order to utilize Zn, the b-cells require the trafficking of Zn across cell and vesicular membranes, mainly through members of the Zn transporter (ZnT, SLC30A) and Zrt-Irt-like protein (ZIP, SLC39A) transporter families. These facilitate Zn diffusion out of or into the cytoplasm respectively. The Zn transporter encoded by SLC30A8, ZnT8, plays a particularly important role in Zn homeostasis in b-cells (Chimienti et al. 2005 , Lemaire et al. 2009 ). ZnT8 is highly expressed in b-cells (Chimienti et al. 2005 , Mocchegiani et al. 2008 , and localizes mainly to the membranes of secretory vesicles in b-cells (Chimienti et al. 2006) . Other genetic variations in SLC30A8 have been found to be associated with fasting glucose levels (Dupuis et al. 2010) . Strong association in humans has been demonstrated between a nonsynonymous single-nucleotide polymorphism rs1326634 in SLC30A8, and increased risk for the development of T2DM or b-cell dysfunction (Saxena et al. 2007 , Scott et al. 2007 , Sladek et al. 2007 , Zeggini et al. 2007 , Boesgaard et al. 2008 , Hertel et al. 2008 , van Hoek et al. 2008 , Horikawa et al. 2008 , Omori et al. 2008 , Wu et al. 2008 , Xiang et al. 2008 . Other genetic variations in SLC30A8 have been found to be associated with fasting glucose levels (Dupuis et al. 2010) . Recently, three studies described impaired Zn accumulation in secretory vesicles of islets isolated from ZnT8 knockout mice. Impaired b-cell function was present under certain age and high-fat dietary conditions (Lemaire et al. 2009 , Nicolson et al. 2009 , Pound et al. 2009 ). This highlighted the deleterious effects of a chronic and complete loss of ZnT8 function on islet cell physiology, and the likely role of compensatory and environmental factors in this process.
Given the importance of well-calibrated Zn homeostasis for b-cell physiology, we examined whether the effects of the cytokines IL1b and TNFa on b-cell function may be mediated, in part, through altered expression of Zn transporters. We examined the effect of treating MIN6 cells with these cytokines on the expression of Zn transporters in the ZIP and ZnT families. Additionally, we examined the consequences of the most significant cytokine-induced alteration in Zn transporter expression, decreased expression of ZnT8, in MIN6 cells and primary murine islets.
Materials and Methods

Islet purification
Islets from 10 to 14 weeks old C57BL/6 male mice (Jackson Laboratories, Bar Harbor, ME, USA) were isolated as described previously . After washing, the islets were handpicked and counted under microscopic guidance. All studies were approved by the Northwestern University Animal Care and Use Committee.
MIN6 cell culture
MIN6 cells were a gift from Dr Junichi Miyazaki (Osaka University Medical School, Osaka, Japan), and were grown and maintained as described previously (Miyazaki et al. 1990) . Cells between passages 28 and 35 were used.
Cytokine treatment
Cytokine treatment was performed as previously reported with modifications (Chin-Chance et al. 2006) . Briefly, MIN6 cells between passages 28 and 34 were plated at a density of 2!10 6 cells per 60-mm dish. Forty-eight hours after plating, the culture medium was exchanged for serum reduced culture medium containing 1% heat inactivated fetal bovine serum (FBS) supplemented with either no cytokines, 5 ng/ml murine IL1b, 10 ng/ml murine TNFa, or a combination of both (R&D Systems, Minneapolis, MN, USA). The cells were treated with cytokines for 6, 24, or 48 h. For studies with murine islets, purified islets were incubated for 24 h in RPMI 1640 (ATCC, Manassas, VA, USA) supplemented with 1% non-heat inactivated FBS. The media were supplemented with either no cytokines, 5 ng/ml IL1b, or 10 ng/ml TNFa. mRNA extraction and real-time PCR RNA was extracted from MIN6 and dispersed murine islet cells using Trizol reagent (Invitrogen) according to the manufacturer's instructions. RNA was extracted from intact murine islets using the RNAeasy Mini kit (Qiagen) according to the manufacturer's recommendations. The iScript cDNA synthesis kit (Bio-Rad) was used for reverse transcription of 0 . 5 mg RNA following treatment with DNAse (Turbo DNAse kit, Ambion, Austin, TX, USA) according to the manufacturer's instructions. Real-time PCR was performed using the SYBR-Green super mix reagent (Bio-Rad) and the Bio-Rad iCycler PCR system. Primers for ZIP1 through 14, ZnT1 through 10, and b-actin, and 18S (idtDNA, Coralville, IA, USA) were used in the PCRs. The sequences for the real-time PCR primers are listed in Supplementary Table 1 , see section on supplementary data given at the end of this article. For real-time PCR, an initial denaturation step at 95 8C!5 min was followed by 40 cycles at 95 8C!15 s and 60 8C!30 s. A melt curve analysis was performed by incubating the reaction at 95 8C!1 min, cooling to 60 8C for 1 min, and then increasing the temperature 0 . 5 8C every 10 s up to 100 8C. All primers were validated using mRNA from mouse islets, MIN6 cells, and embryoid bodies prepared from murine embryonic stem cells. 2% agarose gel electrophoresis demonstrated a product of the expected size for all the ZnTs and ZIPs. Melt curve analyses demonstrated a single PCR product for each reaction. The DKDC t method was used to calculate the relative level of mRNA of the gene of interest compared with the control condition after normalizing using the level of b-actin mRNA (Livak & Schmittgen 2001) . 18S was used as an additional normalizer for experiments comparing MIN6 and primary islet Zn transporter expression profiles.
MIN6 cell imaging
Untreated live MIN6 cells were imaged following incubation for 1 h in phenol red-free DMEM media (Invitrogen) supplemented with the labile Zn-specific fluorescent sensor Fluozin-3-AM (Invitrogen) at a concentration of 5 mM. The images were obtained on an IX2-DSU/BX-DSU spinning disc confocal microscope (Olympus, Center Valley, PA, USA) in the Northwestern University cell imaging facility. Images were analyzed with Metamorph software (Universal Imaging Corp., Downington, PA, USA).
Flow cytometry
Flow cytometry was carried out 72 h after transfection with siRNA or after treatment with IL1b for 24 h. Cells were washed twice with MIN6 cell culture medium containing 1 or 15% heat-inactivated FBS for IL1b or ZnT8 knockdown experiments respectively. Cells were subsequently incubated for 1 h in basic media supplemented with 2 mM FluoZin-3 AM (Invitrogen) and 1 mM CellTrace Red (Invitrogen) at 37 8C in 5% CO 2 . Cells were then washed twice with cell culture medium and once with PBS. The cells were dispersed using 0 . 05% trypsin, collected by centrifugation, resuspended in PBS, and passed through a 70-mM Cell Strainer (BD Biosciences, Bedford, MA, USA). Cells were analyzed on an LSR II system (BD, Franklin Lakes, NH, USA). Only the Zn fluorescence of live, single cells, as determined by the CellTrace side scatter and forward scatter fluorescence patterns, was analyzed.
ZnT8 knockdown in dispersed islet cells or MIN6 cells
Islets harvested from C57BL/6 mice were washed with PBS (Invitrogen), pelleted by centrifugation at 0 . 5 relative centrifugal force (RCF)!1 min, resuspended in 0 . 5% trypsin (Invitrogen), and incubated at 37 8C for 4 . 5 min. The cells were dispersed by pipetting at the 2-min time point and end of the incubation period. The incubation was terminated by adding culture medium (RPMI 1640 supplemented with 10% non-heat inactivated FBS (Hyclone, Logan, UT, USA), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mmol/l glutamine). The dispersed cells were collected by centrifugation (0 . 5 RCF!5 min), resuspended in culture medium, and plated onto tissue culture dishes (BD-Falcon, San Jose, CA, USA). MIN6 cells were cultured as previously described (Miyazaki et al. 1990) .
MIN6 cells or dispersed murine islet cells were plated in a cell media volume of 1 . 5 ml at a density of 1 . 0!10 5 or 2 . 0!10 5 cells per 35-mm tissue culture dish respectively. Transfection with siRNA was carried out 5 or 24 h after plating for dispersed murine islets or MIN6 cells respectively. Cells were transfected with control (negative control siRNA #3, Dharmacon, Lafayette, CO, USA) or ZnT8 siRNA (Nicolson et al. 2009 ; see Supplementary Table 1 for sequence of the ZnT8 siRNA) by adding 500 ml of transfection mix (500 ml Opti-MEM-I transfection medium (Invitrogen), 150 pmol siRNA (final concentration 75 nM, Dharmacon), and 7 ml Lipofectamin RNAimax (Invitrogen), prepared according to the manufacturer's instructions). In MIN6 cell experiments, the cell culture medium was exchanged for antibiotic-free standard cell culture medium immediately prior to transfection. Cells were maintained in this mix of culture and transfection medium until experiments were carried out 72 h later. In each experiment, cells were transfected with ZnT8 siRNA or non-targeting control siRNA in parallel. Decreased ZnT8 mRNA and protein levels were verified using real-time PCR and western blot analysis (see below).
Western blot analysis
Western blot analysis of cell lysates was carried out as described previously (Liu et al. 2001) , with modifications as described herein. Samples (20 mg of protein) were suspended in b-mercaptoethanol (b-ME)-containing laemmli buffer without heating and subjected to 10% SDS-PAGE followed by semi dry transfer for 2 h to a polyvinylidene fluoride membrane (Immobilon-P, Millipore, Bedford, MA, USA). The membranes were blocked for 2 h and then hybridized overnight with a 1:2000 dilution of polyclonal rabbit-anti-rat ZnT8 antibody (Mellitech, Grenoble, France). The membranes were then washed!3 for 10 min in Tris-Buffered Saline Tween-20 (TBS-T) and hybridized with a 1:7500 dilution of secondary antibody (HRP-conjugated goat antirabbit IgG, Promega) for 1 h. The membrane was washed!3 for 10 min in TBS-T. Immunoreactive bands were detected using an ECL detection kit (Amersham). All of the above steps were carried out at 4 8C on ice. The blocking and antibody incubation steps were carried out in TBS-T containing 5% w/v non-fat milk powder (Carnation, Wilkes-Barre, PA, USA). To document equivalent loading of protein, the immunoblots were stripped in 62 . 5 mM TrisHCl (pH 6 . 7), 20% SDS, and 100 mM b-ME for 30 min at 50 8C, rehybridized with a monoclonal mouse anti-mouse GAPDH antibody (Cell Signalling, Danvers, MA, USA), and an HRP-coupled secondary goat anti-mouse antibody.
Glucose-stimulated insulin secretion and total cellular insulin content
To measure glucose-stimulated insulin secretion (GSIS), dispersed murine islet cells were washed three times with PBS 72 h after transfection. Subsequently, the cells were equilibrated in HEPES-buffered Krebs solution (130 mM NaCl, 3 . 6 mM KCl, 0 . 5 mM NaH 2 PO 4 , 0 . 5 mM MgSO 4 , 1 . 5 mM CaCl 2 , 1% HEPES, 0 . 1% BSA, pH 7 . 4) containing 5 . 6 mM glucose for 30 min. This was followed by incubation in HEPES-buffered Krebs solution with 5 . 6 mM glucose for 30 min, and then HEPES-buffered Krebs solution with 16 . 7 mM glucose for 30 min. After each period of incubation, 200 ml of the supernatant was collected. Samples were stored at K80 8C. In separate experiments, cells were incubated for 72 h following transfection and then lysed after washing three times with PBS by adding 100 ml of RIPA lysis buffer supplemented with a cocktail of protease and phosphatase inhibitors (Calbiochem, Madison, WI, USA). Total protein concentration in the lysate was measured using the Micro BCA Protein Assay kit (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's recommendations. Measurement of insulin was carried out by ELISA (Alpco Diagnostics, San Francisco, CA, USA) according to the manufacturer's instructions.
Cell viability
Cell viability experiments were performed in black, opaque 96-well tissue culture plates (BD-Falcon). Dispersed murine islet cells were cultured and transfected with either control or ZnT8 siRNA as described above with proportional adjustment for the decreased culture area. The medium was supplemented with ZnCl 2 to final concentrations of Zn of 5, 19, 34, 48, 62, 76, 91, or 105 mM at the time of transfection. Cell viability was assessed 72 h post transfection using the double fluorescence Multitox assay (Promega) according to the manufacturer's instructions. Briefly, 100 ml of the assay mix was added to each well and incubated at 37 8C for 2 h. Fluorescence was measured on a fluorescence plate reader at excitation wavelength (Ex) 400 nm/emission wavelength (Em) 505 nm and Ex 485/Em 520, which measured fluorescence from proteases in viable and dead cells respectively. Fluorescence values were transformed to dead and live cell readout values using a standard curve obtained using a standardized range of cell densities for the live cell signal and digitonin-induced cell death for the dead cell signal. Readout values were normalized to values obtained from untreated cells. Results were reported as a cell viability index calculated as the ratio of live cell to dead cell readouts.
Measurement of Zn concentration in the media
Inductively coupled plasma mass spectrometry (ICP-MS) was used to measure Zn content in the culture media. The media were diluted with ultra-pure laboratory grade water (Millipore, Billerica, MA, USA), and an internal standard mixture of Sc, Tb, Y, In, and Bi (CPI International, Santa Rosa, CA, USA) was added to this solution. Standards between 0 and 90 ppb were made using a mixed element solution (CPI International). 2% v/v trace metal grade nitric acid (Fisher Scientific, Pittsburgh, PA, USA) was added to the standards and samples. All measurements were performed on an XSeries II ICP-MS instrument (Thermo Scientific, Waltham, MA, USA).
Statistical analysis
Results are reported as meansGS.E.M. unless otherwise stated. The 'n' represents the number of independent experiments performed. Changes in parameters normalized to the control condition were tested for statistical significance using a two-sided t-test with unequal variance to account for the normalization to the control. In all other experiments comparing the effects of various treatments on physiological parameters not normalized to the control, groups were compared directly to the control condition using a two-sided t-test with equal variance. P values %0 . 05 and 0 . 005 were considered statistically significant and highly significant respectively (STATA-IC V.10.1, College Station, TX, USA).
Results
Cytokine-induced alterations in expression of Zn transporters
Initial studies compared the expression profile of members of the ZnT and ZIP families in MIN6 cells and primary murine islets. As shown in Fig. 1 , mRNAs encoding 14 members of the ZIP family and nine members of the ZnT family are expressed in murine islets. The expression profile of the ZnTs and ZIPs in MIN6 cells was comparable to that in islets with the exception of a markedly lower expression of ZnT2, ZnT3, ZIP4, and ZIP5.
Having established comparable expression profiles of Zn transporters in islets and MIN6 cells, MIN6 cells were used as a model to examine the impact of cytokines on the level of mRNAs encoding the different Zn transporters. Treatment of MIN6 cells with either 5 ng/ml IL1b or 10 ng/ml TNFa for 24 h altered the expression of several Zn transporters (Fig. 2) . The transporters with the most marked change in expression were ZnT8 and ZIP4. The level of ZnT8 mRNA was decreased by 54 . 6G6 . 9 and 44 . 7G5 . 4% by IL1b and TNFa respectively (PZ0 . 004 and 0 . 004, Fig. 2C ). The level of ZIP4 mRNA was increased 14G4 . 2-fold after IL1b treatment Gene of interest mRNA relative to β-actin and 18S B Z I P 1 Z I P 2 Z I P 3 Z I P 4 Z I P 5 Z I P 1 1 Z I P 1 2 Z I P 1 3 Z I P 1 4 Z I P 6 Z I P 7 Z I P 8 Z I P 9 Z I P 1 0 Figure 1 Relative level of mRNAs encoding ZIP and ZnT transporters in MIN6 cells and murine islets. mRNA was extracted from untreated murine islets and MIN6 cells, and real-time PCR was performed. mRNA levels were normalized to both b-actin and 18S.
Values represent the relative level of ZIP or ZnT mRNA normalized to the level of both b-actin and 18S mRNA, and are the mean GS.E.M. of the results of three independent experiment.
(P!0 . 05, Fig. 2B ). There was also a trend, albeit not significant, toward increased expression of ZIP4 mRNA following treatment with TNFa (4 . 1G1 . 2-fold, PZ0 . 089, Fig. 2B ). Treatment for 48 h with a combination of 5 ng/ml IL1b and 10 ng/ml TNFa decreased ZnT8 mRNA by 50G14% (PZ0 . 024, Fig. 3C ), while ZIP4 mRNA levels showed a clear but statistically non-significant trend toward increased expression (21G7 . 6-fold, PZ0 . 057, Fig. 3D ). In time course experiments, IL1b treatment decreased ZnT8 mRNA levels by 51G4 . 2%, 54 . 6G6 . 9%, and 64 . 1G0 . 6%
following treatment for 6, 24, and 48 h respectively (Fig. 3A) . Treatment with 10 ng/ml TNFa for 6 h had no effect on ZnT8 mRNA levels but decreased ZnT8 mRNA levels by 44 . 7G5 . 4 and 50G5 . 2% after treatment for 24 and 48 h respectively (Fig. 3A) . IL1b treatment for 6, 24, and 48 h increased ZIP4 mRNA levels by 16G1 . 2-, 14G4 . 2-, and 47G4 . 1-fold respectively (Fig. 3B) . Treatment with TNFa for 6, 24, and 48 h stimulated a nonsignificant trend toward increased ZIP4 mRNA levels with increases of 6 . 8G1 . 2-, 4 . 1G1 . 2-, and 13G3 . 5-fold respectively (Fig. 3B) .
Subsequent experiments determined whether cytokines had a similar effect on ZnT8 and ZIP4 mRNA levels in murine islets. Treatment of islets with 5 ng/ml IL1b for 24 h decreased ZnT8 mRNA levels by 81G7%, while treatment for 24 h with 10 ng/ml TNFa decreased ZnT8 mRNA levels by 68G11% (PZ0 . 0012 and 0 . 009, Fig. 4A ). Treatment of islets with 5 ng/ml IL1b for 24 h showed a trend toward increased ZIP4 mRNA levels (3 . 81G0 . 75-fold, PZ0 . 064, Fig. 4B ). Treatment with 10 ng/ml TNFa for 24 h resulted in a similar nonsignificant trend toward increased ZIP4 mRNA levels (2 . 62G0 . 50-fold, PZ0 . 083, Fig. 4B ).
b-Cell labile Zn distribution and cytokine-induced changes of labile Zn
Laser scanning confocal imaging of live MIN6 cells following incubation with Fluozin-3 AM showed a high concentration of labile Zn (unbound or weakly bound intracellular Zn), which appeared to be distributed primarily in secretory vesicles (Fig. 5A) . Given the changes in Zn transporter expression induced by cytokine treatment, we examined the changes in labile, FluoZin-3 AM-detectable Zn in b-cells after cytokine treatment which, based upon the live cell imaging, represents primarily Zn present in secretory vesicles. In order to avoid interference by other cell types contained in islets, we used the pancreatic b-cell line MIN6. After 24 h treatment with 5 ng/ml IL1b, the average Zn-related FluoZin-3 AM fluorescence decreased by 22 . 2G8 . 8% compared with control cells (PZ0 . 0012, Fig. 5B ).
Effect of an acute decrease in ZnT8 expression on GSIS
Given the high baseline expression of ZnT8, its localization to insulin secretory granules, and the marked cytokine-induced changes in ZnT8 mRNA levels, we investigated the effect of an acute downregulation of ZnT8 mRNA levels in b-cells using siRNA. Initial studies demonstrated the ability of ZnT8 siRNA to decrease the level of ZnT8 mRNA. (Fig. 6A) . A decrease in ZnT8 protein level in dispersed primary murine islets following treatment with ZnT8 siRNA was verified by western blotting (Fig. 6B) . Having established that ZnT8 siRNA was able to decrease ZnT8 expression, GSIS in dispersed murine islet cells following transfection with ZnT8 or control siRNA was determined. The relative ratio of insulin concentration in medium following incubation in 16 . 7 compared with 5 . 6 mM glucose was 2 . 0G0 . 25 in cells treated with control siRNA (Fig. 7A) , while in islet cells treated with ZnT8 siRNA, the ratio was significantly decreased to 1 . 2G0 . 21 (P!0 . 05 compared with the ratio in cells transfected with control siRNA). In contrast to the effect on GSIS, transfection with ZnT8 siRNA did not affect total cellular insulin content. Total cellular insulin content in islet cell lysates was 17 . 1G1 . 5 ng insulin/mg protein following transfection with ZnT8 siRNA compared with 15 . 3 G1 . 6 ng insulin/mg protein following transfection with control siRNA (PZ0 . 41, Fig. 7B ).
Effects of decreased ZnT8 mRNA levels on labile Zn
We next examined whether acute downregulation of ZnT8 expression altered Zn homeostasis similar to treatment with ILb. For these studies, MIN6 cells were transfected with either ZnT8 or control siRNA, and labile Zn was determined using flow cytometry after staining with the Zn-specific fluorescent probe FluoZin-3 AM and the live-cell dye CellTrace calcein red-orange AM. The relative mean labile Zn-related fluorescence from live cells decreased by 26 . 5 G17 . 6% following transfection with ZnT8 siRNA compared with control siRNA (P!0 . 05, Fig. 8A ).
Effect of decreased ZnT8 mRNA levels on islet cell viability in various Zn concentrations
Subsequent studies examined the impact of decreased ZnT8 expression and the resulting changes in Zn homeostasis on islet cell viability. Initial studies using ICP-MS demonstrated that the concentration of Zn in the culture medium was 5 mM. Figure 4 Effect of cytokines on ZnT8 and ZIP4 mRNA levels in intact murine islets. ZnT8 (A) and ZIP4 (B) mRNA levels were determined in intact murine islets after treatment for 24 h with 5 ng/ml IL1b or 10 ng/ml TNFa. Values are the mean level of ZnT8 and ZIP4 mRNA compared with the level in control cells, which was defined as 1 . 0 and are the meanGS.E.M. (nZ4 for ZnT8, nZ3 for ZIP4). *P!0 . 05, **P!0 . 005 compared with control.
either ZnT8 or control siRNA, cell viability was determined using the Multitox assay. The viability indices, which are proportional to the ratio of live to dead cells each normalized to the values of control cells with no added Zn, were 1 . 0002 G0 . 0004 and 0 . 9937G0 . 0070 following transfection with control and ZnT8 siRNAs respectively (PZ0 . 386, nZ4, each performed in duplicate or triplicate, Fig. 8B 
Discussion
Impaired function of human and rodent b-cells as well as MIN6 cells after exposure to IL1b or TNFa is well established (Donath et al. 2008) . Several potential mechanisms have been suggested for this effect (Xenos et al. 1992 , 1993 , Corbett & McDaniel 1995 , Rabinovitch & Suarez-Pinzon 1998 , Wu et al. 2001 , Donath et al. 2008 . These include activation of the mitogen-activated protein kinases, c-jun N-terminal kinase, p38, and Extracellular Signal-RegulatedKinase (ERK) with subsequent activation of the nuclear factor kappa-light-chain-enhancer of activated b-cells (NF-kB) pathway and altered gene expression (Donath et al. 2008) . In this study, we examined whether cytokines affect Zn transporter expression as a possible contributing factor to cytokine-induced b-cell dysfunction. We demonstrated that treatment of murine islets or MIN6 cells with IL1b or TNFa alters the expression profile of Zn transporters of the ZnT and ZIP families. One of the observed changes which may be of particular significance is the cytokine-induced decrease in ZnT8 expression. ZnT8 has a high baseline expression level in b-cells, and plays an important role in b-cell function. Moreover, we observed similar alterations in cellular labile Zn content following IL1b exposure and ZnT8 knockdown. This finding and the decrease in GSIS observed following ZnT8 knockdown are consistent with alterations in Zn homeostasis due to decreased ZnT8 expression contributing to cytokine-induced impairment of b-cell function.
Our finding of a cytokine-induced decrease in ZnT8 expression generally agrees with a recent report by Egefjord et al. (2009) which described an IL1b-induced decrease in ZnT8 mRNA levels in INS-1 cells, a rat b-cell line, as well as in rat islets. In contrast to their findings, we did not observe reduced ZnT3, ZnT6, and ZIP6 mRNA levels; however, we do find a significant cytokine-induced increase in ZIP4 mRNA levels. It is likely that these differences relate to differences in the models used.
Zn is critical for the function of mammalian cells. The vast majority of the intracellular Zn is bound to proteins or is accrued in specialized compartments (Suhy et al. 1999 , Hambidge 2000 , Colvin et al. 2003 , Lemire et al. 2007 . A vanishingly small amount of free Zn is typically available in the cytosol of most cells (Suhy et al. 1999 , Outten & O'Halloran 2001 , Bozym et al. 2006 . In most cells, Zn is important for the structural integrity and function of transcription factors in the Zn finger family of proteins and for maintaining proper function of Zn-dependent enzymes that protect cells against oxidative stress and apoptosis (Truong-Tran et al. 2001 , Prasad et al. 2004 . The cellular content of Zn in b-cells is markedly higher than most mammalian cells, which is likely related to its unique roles in b-cells (Chausmer 1998 , Dodson & Steiner 1998 , Chimienti et al. 2005 , Cousins et al. 2006 . Estimates suggest that w50% of Zn in b-cells is present within secretory vesicles (Zalewski et al. 1994) , where it has been postulated to play a role in the packaging of proinsulin and insulin as hexamers. In this model, Zn enables storage of insulin at high concentrations and facilitates adequate insulin release in response to a glucose load (Huber & Gershoff 1973 , Figlewicz et al. 1984 , Huang & Arvan 1995 , Dodson & Steiner 1998 , Chimienti et al. 2005 .
ZnT8 is highly expressed in b-cells (Chimienti et al. 2005 (Chimienti et al. , 2006 , and localizes mainly to membranes of secretory vesicles, suggesting that it plays an important role in Zn transport into b-cell secretory vesicles (Chimienti et al. 2006 , Mocchegiani et al. 2008 . As noted earlier, overexpression of ZnT8 enhanced the insulin secretory capacity of a b-cell line (Chimienti et al. 2006) . On the other hand, an R325W mutation in SLC30A8 is associated with type 2 diabetes as well as decreased first phase insulin secretion in non-diabetic subjects bearing at least one copy of the risk allele (Saxena et al. 2007 , Scott et al. 2007 , Sladek et al. 2007 , Zeggini et al. 2007 , Boesgaard et al. 2008 , Hertel et al. 2008 , van Hoek et al. 2008 , Horikawa et al. 2008 , Omori et al. 2008 , Wu et al. 2008 , Xiang et al. 2008 . Complete loss of ZnT8 expression in mice homozygous for a null mutation of SLC30A8 led to decreased Zn accumulation in islets (Lemaire et al. 2009 , Nicolson et al. 2009 , Pound et al. 2009 ). ZnT8 null mice also exhibited decreased GSIS and altered glucose homeostasis (Pound et al. 2009 ). However, ZnT8 null mice exhibited altered glucose tolerance as well as in vivo and in vitro disturbances in GSIS only under certain age, gender, and dietary conditions (Lemaire et al. 2009 , Nicolson et al. 2009 ). Furthermore, an unexpected increase in weight gain was observed in ZnT8 null mice fed a high fat diet (Nicolson et al. 2009 ). Given these observations, secondary effects during various developmental stages as well as environmental interactions are likely to have influenced the findings in this global knockout model. In the present study, we have now demonstrated that an acute decrease in ZnT8 expression in dispersed murine islet cells decreases GSIS in cells without altering the total cellular insulin content. In contrast to the global ZnT8 knockout mouse model, our model demonstrates the impact of an isolated, acute decrease in ZnT8 function prior to the induction of compensatory changes during development. This approach furthers our understanding of b-cell physiology by examining the impact of decreased ZnT8 expression independent of potential developmental changes or secondary compensatory mechanisms present in the ZnT8 knockout model. ZnT8 knockout models demonstrated decreased GSIS under certain age and dietary conditions without changes in total cellular insulin content (Lemaire et al. 2009 , Nicolson et al. 2009 , Pound et al. 2009 ). This similarity between the effects of acutely decreased ZnT8 expression and chronic, complete loss of ZnT8 expression in the knockout mice indicates that b-cells have a limited capacity to compensate for changes in Zn homeostasis. Our findings and those in ZnT8 knockout mice in which decreased or absent ZnT8 expression did not impact total cellular insulin content differ from data obtained using the INS-1 b-cell line after an siRNA-mediated decrease in ZnT8 expression (Fu et al. 2009 ). In that model, both the number of insulin-containing secretory vesicles and total cellular insulin content were decreased after ZnT8 knockdown. These differences may be due to differences in the physiology of primary islet cells and INS cells.
The effect of decreased ZnT8 expression on GSIS in murine islet cells could be due to one or more possible mechanisms. Decreased ZnT8 expression likely results in reduced transport of Zn into secretory vesicles, which would impair the packaging of insulin as hexamers around Zn cores and thereby alter insulin secretion (Huang & Arvan 1995 , Dodson & Steiner 1998 . Another possible mechanism would be a toxic effect of Zn accumulation in the cytoplasm exceeding the metal-buffering capacity of cytoplasmic proteins (Frederickson et al. 1989 , Koh et al. 1996 , Kim et al. 1999a ,b, Lobner et al. 2000 , Frederickson et al. 2005 , Lecane et al. 2005 , Lemire et al. 2007 , Oyama et al. 2007 , Park et al. 2007 , Matsui et al. 2008 . To examine this, we studied the changes in labile Zn with decreased ZnT8 expression in MIN6 cells using the fluorescent Zn probe FluoZin-3 AM. This approach has been previously validated for Zn in MIN6 cells (Gee et al. 2002) . A significant decrease in intracellular FluoZin-3 AM-detectable Zn, which correlated with decreased ZnT8 expression, was observed. FluoZin-3 AM is reported to have a moderate binding affinity for Zn (K d of 15 nM per the manufacturer) which is a significantly lower affinity for Zn than that of typical Zn-binding enzymes such as carbonic anhydrase (Bozym et al. 2006) . Thus, Zn detected by FluoZin-3 AM represents the fraction of cellular Zn that is loosely bound to assorted intracellular ligands that have a lower affinity for Zn. Most cytoplasmic Zn is reported to be bound to metallothioneins, which have a much higher affinity for Zn than FluoZin-3 AM ( Jacob et al. 1998) . Therefore, it is unlikely that the FluoZin-3 AM signal reflects cytosolic Zn unless labile Zn concentrations exceed the buffering capacity of the abundant metallothioneins present in the cytoplasm of b-cells (Laychock et al. 2000 , Li et al. 2004 . FluoZin-3 AM is known to penetrate intracellular vesicles, and, consistent with our imaging of FluoZin-3 AM loaded live b-cells, it is likely that the majority of the labile Zn detected using FluoZin-3 AM is present within secretory vesicles. Taken together, our results suggest that acute downregulation of ZnT8 reduces the capacity of b-cells to accumulate Zn in b-cell insulin secretory vesicles.
The present studies also demonstrated that decreased ZnT8 expression did not have a significant impact on islet cell viability at the physiological Zn concentration of 5 mmol/l or in the presence of supraphysiological concentrations of Zn (up to 105 mmol/l) in the growth medium (Isbir et al. 1994 , Sampson et al. 1997 , Chausmer 1998 , Maret & Sandstead 2006 . In contrast to other cell types, b-cells have been shown to tolerate supraphysiological ambient Zn concentrations !200 mmol/l (Huber & Gershoff 1973 , Figlewicz et al. 1981 , Frederickson et al. 1989 , Koh et al. 1996 , Kim et al. 1999a ,b, 2000 , Lobner et al. 2000 , Chang et al. 2003 , Frederickson et al. 2005 , Lecane et al. 2005 , Lemire et al. 2007 , Oyama et al. 2007 , Park et al. 2007 , Matsui et al. 2008 . The absence of toxic effects following ZnT8 knockdown in cells exposed to 105 mmol/l Zn in our study suggests that impaired GSIS with decreased ZnT8 expression is not likely due to toxic effects secondary to free Zn accumulation in the cytoplasm.
Given the low level of ZIP4 mRNA, the physiologic relevance of the increase in ZIP4 expression following exposure to IL1b is uncertain. ZIP4 regulates Zn influx into the cytoplasm of various mammalian cell types. In intestinal enterocytes, ZIP4 is located in the apical cell membrane and facilitates the uptake of sufficient quantities of dietary Zn. ZIP4 expression is reported to increase in Zn-deficient intestinal cells through posttranscriptional mRNA stabilization as well as decreased protein degradation (Dufner-Beattie et al. 2003 , Weaver et al. 2007 , Andrews 2008 . Little is known about the role of ZIP4 in the pancreas, although ZIP4 was reported to be aberrantly expressed in pancreatic cancer . Based upon the real-time PCR assay, the expression of ZIP4 mRNA was relatively low compared with other Zn transporters but increased following cytokine exposure. It is possible that this represents a compensatory response to the IL1b-induced decrease in labile Zn (Fig. 5B) . Future studies will be needed to address that issue; specifically, the level of ZIP4 protein and changes in response to cytokine exposure and/or ZnT8 knockdown will need to be examined.
This study highlights the importance of the Zn transporter ZnT8 in pancreatic b-cell physiology. Beyond demonstrating a critical role for ZnT8 in GSIS, our findings suggest that cytokine-mediated b-cell dysfunction may occur, in part, through disruption of Zn metabolism via decreased ZnT8 expression.
